Application of a dc electric field to bulk, semi-insulating, GaAs during laser irradiation was observed to significantly affect optically pumped nuclear spin polarizations. Changes to nuclear polarizations correlated with nonlinear photoconductivity, and both depended significantly on excitation photon energy. Many aspects of the data could be explained by electric field-dependent population transfer between trapped and delocalized electronic spin reservoirs. These results indicate that semi-insulating GaAs could be a platform for localized optical and electric field control of nuclear spin polarization. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2140484͔
The ability to locally imprint large nuclear spin polarizations in semiconductors is a vision that is gradually becoming realized. Sensitivity-enhanced nuclear magnetic resonance 1-3 ͑NMR͒ and nuclear spin-based quantum computing 4 are among the emerging technologies that rely upon this ability. The enormous optically-induced nuclear polarizations ͑over 25%͒ that have been measured in GaAs ͑Ref. 5͒ suggest great promise for control of nuclear polarizations well beyond the limitations of thermal equilibrium. Voltage control of such polarizations would be ideal for device miniaturization, and has been accomplished in semiconductor systems in the quantum Hall regime 6 and with ferromagnetic contacts under forward 7 or reverse 8 bias. Here, we demonstrate an alternative route to voltage-tunable nuclear polarization, without the need for ferromagnets or sample temperatures near tens of millidegrees Kelvin. We discovered this phenomenon while exploring high electric-field transport in semi-insulating GaAs and its affects on nuclear spin polarizations.
We report that at applied electric fields below ϳ50 V / cm, photoconductivity correlated with optically pumped NMR intensities at some photon energies and not others. At larger voltages, nonlinear effects of voltage on photocurrent corresponded to significant changes to optically pumped NMR signals. These changes depended on the photon energy-in some cases, the NMR enhancement was quenched; in others, it increased in magnitude; and in the most interesting case, it inverted in sign. We suggest a possible explanation for the latter phenomenon based on a sign change in the excited electronic g factor through population transfer between localized and delocalized electron spin reservoirs. These results demonstrate that photoconductivity is a parameter of great interest to the investigation of excited electrons and their ability to polarize nuclear spins.
Optically pumped NMR data were collected using the saturation-recovery experimental protocol described previously ͑8.4 K sample temperature, 4 min irradiation time, 200 mW laser power, 9.4 T magnetic field͒, 9 with one modification: Fig. 1 shows the addition of copper clamps, across which a variable dc voltage was applied. Applied voltage established an electric field along the surface of the sample, perpendicular to the external magnetic field and the laser beam. The clamps were 7 mm apart and the laser illuminated a region 3 mm in diameter that was centered between the clamps. Signal-to-noise was maximized by mounting the clamps without stress on the sample. However, since stressinduced quadrupole-split line shapes allow measurement of nuclear polarizations, 5 additional measurements taken on the sample under stress are discussed briefly. In the dimension perpendicular to both the electric and magnetic fields, the GaAs sample was cut so that it was no wider than the laser spot. Alternative samples were prepared with previously annealed, 0.5-m-thick indium contacts to the copper clamps.
All measured NMR spectra were equivalent in chemical shift and linewidth to that of the bulk wafer at thermal equilibrium ͑unless otherwise specified͒, allowing results to be fully described by integrated intensities of a single NMR peak. Positive intensity implies net nuclear spin alignment with the external magnetic field, as in thermal equilibrium, and negative intensity implies nuclear spin population inversion. As discussed previously, 9 intensity on light polarization is quantified by A, defined as A = I − − I +, where I ± is the NMR intensity observed through optical pumping with ± polarized light. The offset intensity relative to which circular polarization modulated the NMR intensity is quantified by B, defined as B = ͑I − + I +͒ / 2. This quantity is also the intensity obtained using linearly polarized light. Figure 2 shows the spectrum of photocurrents for different photon energies, measured at a low enough voltage so that there was no effect on optically pumped NMR enhancements, which are superimposed on the same graph. 9 For photons with energy below 1.495 eV, the helicity modulation ͑A͒ was small and uncorrelated with photocurrent, suggesting that absorption at deep levels is not spin-selective. This low photon energy region also corresponded to a positive linearpolarized enhancement ͑B͒, which is consistent with a positive electronic g factor corresponding to deep impurity levels. 9 In contrast, the negative B observed for higher photon energies is consistent with the negative g factors of conduction and shallow donor-bound electrons. 9 When photon energy was increased above ϳ1.495 eV the spectrum of A correlated with that of photocurrent; current is a measure of free carrier populations if mobility is assumed constant.
Selected dependences of A and B on the photocurrent drawn through sample are shown in Fig. 3 . The applied electric fields typically ranged from 0 to ϳ300 V / cm, and changes to NMR intensity corresponded to regions of nonlinear dependence of photocurrent on applied voltage ͑see bottom inset, Fig. 3͒ . At 1.502 eV, A decreased steadily with increasing photocurrent. In contrast, A increased with photocurrent at 1.523 eV ͑and other superband gap photon energies, not shown͒, the former reaching double its original magnitude near 300 V / cm and 1 mA. At 1.49 eV, the initially positive linear-polarized enhancement ͑B͒ changed sign with increasing photocurrent ͑bottom, Fig. 3͒ , attaining a magnitude several times beyond its original value. We did not detect a corresponding sign change in A at 1.49 eV ͑not shown͒, which was small and positive throughout the range of electric fields tested. For photon energies above 1.495 eV, the effects of applied voltage on B ͑not shown͒ followed similar trends to effects on A. The use of annealed indium pads to reduce contact resistance did not significantly affect the NMR data as a function of photocurrent ͑see bottom, Fig.  3͒ . The data in Fig. 3 could have been affected by Ohmic heating of the sample, but the effects of photocurrent on NMR signal could not be explained by accelerated nuclear relaxation towards thermal equilibrium alone. From the data in Figs. 2 and 3 , it is apparent that this system is amenable to electric field and optical control of nuclear polarization.
When NMR spectra were quadrupole-split ͑by tightening of copper clamps͒, we observed line shape asymmetries that indicate spin polarizations near those reported previously 5 for all three photon energies in Fig. 3 , with and without applied voltage. The quantitative effects of applied voltage on nuclear spin temperatures are the subject of further investigation.
Recent optically pumped NMR studies have suggested that bulk nuclear spin polarizations could arise from cross relaxation with delocalized electrons. 5, 9 The present results indicate the additional influence of defect-bound electrons through the dramatic changes to NMR intensity measured upon the onset of nonlinear photoconductivity and the strong dependence on photon energy. It is known that localized and delocalized electrons in GaAs undergo fast spin exchange; 10 it is therefore likely that the electron spin reservoir as a whole is affected by population transfers between electronic states with distinct magnetic properties. Such population transfers may be responsible for the observed nonlinear photoconductivity. 11, 12 The present data could be explained by assuming that nuclear polarization derives from mobile electrons subject to spin exchange 10 with impurities, which in turn have populations and polarizations that are altered upon changing the wavelength of the optical pumping or increasing the electric field. Nuclear polarization arising from optical pumping at 1.49 eV is likely to be influenced by localized impurity spins with positive g factors interacting with delocalized electrons with negative g factors. The localized electrons could dominate the spin population dynamics of mobile electrons via spin exchange, 13 but electric field-induced neutralization of the localized electron spin could allow free carrier electron spin relaxation processes to become dominant. We surmise that the electric field could influence electron spins through population transfer: localized electron spins could be promoted into the conduction band via impact ionization, 11, 12 or delocalized electrons could fall into localized states via electric field-enhanced trapping.
14 As photon energy is increased to just below the gap energy, shallow states with g factors similar to those of delocalized states become populated to a greater extent, and electric field-induced ionization of these states is likely to have a very different affect on nuclear spin polarizations. Quantitative modeling of electronic excitation, population exchange, and spin dynamics would be useful to confirm these notions.
We consider the present results important to several areas of active research. Clearly the electric field is a new variable with which to optimize optical NMR enhancements, and to explore the fundamental criteria for optical nuclear polarization. Such an exploration may yield new materials amenable to creation of larger nuclear spin polarizations in possibly less stringent conditions such as higher temperatures, lower laser powers, and different photon energies. This research could further lead to the ability to localize polarization to selectively doped regions of a semiconductor, or in nanocrystalline substrates with the high surface areas necessary to transfer polarization to thin films. 15 The ability to invert nuclear spins, such as that demonstrated with 1.49 eV photons in Fig. 3 , could be particularly useful, as it provides a scheme for isolating only those NMR signals associated with the region under electric field control. Electrically gated nuclear spin polarization could also be useful in semiconductor NMR schemes for quantum computation, as a means of selectively refreshing the polarization of ancillary nuclear qubits for open-bath algorithmic cooling 16 and quantum error correction. In summary, semi-insulating GaAs shows great promise for local control of large nuclear spin polarizations, and a complete understanding of the present phenomena may allow engineering of voltage spin control into other bulk semiconductors.
A.K.P. acknowledges the SEGRF program at the Lawrence Livermore National Laboratory for financial support. P.J.C. acknowledges support from the NSF-GRF program.
1
